of 23S rRNA from modification by chemical probes (Moazed et al., 1988) , identifying this rRNA feature as a common site of interaction.
fluorescent coumarin derivative (see Experimental Procedures).
To map the rRNA environment surrounding EF-G, the Fe(II)-conjugated proteins were bound to ribosome complexes in the posttranslocational state in the presence of fusidic acid and GTP, and Fenton chemistry was initiated to generate hydroxyl radicals in the vicinity of the tethered Fe(II). The nucleotide positions of hydroxyl radical cleavages in rRNA were then mapped by primer extension (Figure 3 ). The cleavage sites are summarized in the 16S and 23S rRNA secondary structures shown in Figure 4 . Of the 18 active Fe(II)-conjugated EF-G derivatives, 11 produce characteristic cleavages in specific elements of 16S or 23S rRNA, or both. No cleavages were detected in 5S rRNA.
In 23S rRNA, hydroxyl radical cleavages were observed in four regions from six Fe(II)-tethering sites on EF-G ( Figure 4 ): (1) the thiostrepton region in domain II, where protein L11 binds; (2) nucleotide positions around 1920 and 1940 in domain IV; (3) positions in two stemloops extending from the peptidyl transferase loop of domain V; and (4) positions in the highly conserved sarcin stem and loop in domain VI. Cleavages were observed in 16S rRNA from seven Fe(II)-tethering positions, two of which also produced cleavages in 23S rRNA. Regions of 16S rRNA that were hit include: (1) the region around the binding site of protein S4, at the base of the 530 loop; (2) three nucleotides in the conserved 790 loop; (3) two clusters around positions 1210 and 1230, near the binding site of S19; and (4) the decoding site at position 1400.
For 7 of the 18 active EF-G Cys mutants, no detectable cleavages were found in either 16S or 23S rRNA. Of these, three Cys mutants (at positions 433, 591, and 627) reacted poorly with the thiol-specific coumarin derivative (data not shown). The remaining four Cys mutants (at positions 134, 209, 231, and 526) could be (Rana and Meares, 1991; Heilek et al., 1995) are shielded by proteins when EF-G is bound to the ribohighlighted in red on the structure of the EF-G·GDP complex (Czwor- some (see below). kowski et al., 1994) . (A) The EF-Tu ternary complex (Nissen et al., 1995) ; (B) EF-G, viewed from its GDP face and aligned with the EFTu ternary complex; (C) EF-G, viewed from the opposite face (rotated 180Њ about the vertical axis). Arabic numbers refer to the corre- Among the rRNA targets are several conserved elements that have been associated prominently with ribosome function. In 23S rRNA, both sites that are footprinted by bromoacetamidobenzyl-EDTA (BABE) (Rana and Meares, EF-G-the thiostrepton region around position 1070 in 1991; Heilek et al., 1995) . The activity of the Cys mutant domain II and the sarcin loop at position 2660 of domain proteins, conjugated with Fe(II), was assayed in two VI (which is also footprinted by EF-Tu)-are cleaved from ways. The ability of EF-G to bind ribosomes was asspecific positions of EF-G, providing new information sessed by its characteristic GTP-dependent protection about the orientation of EF-G with respect to these conof the sarcin loop in 23S rRNA from attack by dimethyl served RNA elements. Another site of cleavage is the sulfate (Figure 2A ; Moazed et al., 1988) . We also tested 1920 region of domain IV of 23S rRNA, which has been the ability of mutant EF-G conjugates to catalyze hydroplaced near the decoding site of the small ribosomal lysis of GTP in a ribosome-dependent manner ( Figure  subunit by cross-linking and directed probing studies 2B). Both assays indicated that 18 of the 19 Fe(II)-conju- (Mitchell et al., 1992; Joseph et al., 1997) . In 16S rRNA, gated proteins maintained activity levels comparable to targets include three sites that have been identified with the wild-type unmodified EF-G. The ability of the Cys tRNA binding, comprising the 790 and 1338 loops and EF-G mutants to be derivatized with Fe(II)-BABE was the 1400 region, which lies at the site of P-site codonanticodon interaction (Prince et al., 1982;  Moazed and assayed by following their reaction with a thiol-specific, Figure 2 . Binding and Activity of Fe(II)-BABEDerivatized EF-G Proteins (A) Binding was monitored by the characteristic protection of A2660 in the sarcin-ricin loop of 23S rRNA from dimethyl sulfate, dependent on GTP and fusidic acid (Moazed et al., 1988) . (B) GTP hydrolysis assayed by thin-layer chromatography. Reactions were performed under the conditions of the hydroxyl radical probing experiments and compared to controls with GTP alone (lane GTP) or with ribosomes alone in the absence of EF-G (lane 70S). Noller, 1986) . In addition, a cluster of targets accessible microscopic reconstruction representation of the complete 70S ribosome. The globular end of EF-G is on the from positions 301 and 314 of EF-G blanket the region surrounding the RNA binding site of ribosomal protein right side, sandwiched between proteins S4 in the small subunit and L11 in the large subunit. Domain 4 extends S4 ( Figure 4 ).
There is a clear partitioning of sites on EF-G between upward toward the base of the cleft near the decoding site of the 30S subunit. This orientation for EF-G will 16S and 23S rRNA as shown by the distribution of rRNA targets relative to the various EF-G probing positions hold in general, irrespective of the details of particular models since the positions of several critical 16S rRNA ( Figure 5 ). The surface of EF-G that interacts with the 50S subunit (defined by six positions of EF-G that are targets on the 30S subunit can be inferred from independent structural studies based on neutron diffraction proximal to 23S rRNA) includes the GDP binding site and extends from the tip of domain 4 through domains (Capel et al., 1987) and immuno-electron microscopy (Oakes et al., 1989) . 3 and 5 to domain 1 (the G domain). The opposite surface of EF-G (defined by seven positions that target 16S rRNA) contains positions in domains 2 and 4 that face Proximities between Functional Domains the 30S subunit. Four positions (134, 209, 231, and 526) of EF-G and rRNA that target neither 16S nor 23S rRNA fall along the interTwo of the rRNA targets are conserved elements of face of the 30S and 50S surfaces of EF-G, suggesting 23S rRNA that have been shown to be essential for that these positions are located in a gap between the elongation factor-dependent functions. One of these is ribosomal subunits. In addition to constraining the orienthe sarcin stem-loop in domain VI (positions 2646-2674), tation of EF-G in the ribosome, these data also provide which interacts with both EF-G and EF-Tu (Hausner et information about the relative three-dimensional locaal., 1987; Moazed et al., 1988) , and the other is the region tions of the functionally important elements of 16S and around position 1070 in domain II, which interacts with 23S rRNA noted above.
EF-G (Moazed et al., 1988; Skö ld, 1983 ) and thiostrepton Figure 6A shows the crystallographically determined (Thompson et al., 1982) , an antibiotic inhibitor of the structure of the EF-G·GDP complex (Czworkowski et al., EF-G-dependent distance between their respective target regions in the Figure 6B shows EF-G docked on the same model, as sarcin stem-loop structure as determined by NMR (32 viewed from the opposite (50S) side. It is evident that Å ) (Szewczak et al., 1993) , suggesting that the sarcin the globular end of EF-G (domains 1-3) is juxtaposed stem-loop is oriented vertically in the ribosome with its with the body of the 30S subunit, centered approxistem at the bottom of the globular domain near position mately on protein S4 in the lower half of the particle.
196 and its loop at the top near position 650 (cf. Figure  Probing sites near the tip of domain 4 are in proximity 6B). The 1100 loop in the thiostrepton region in domain to the binding site for P-site tRNA in regions of the head II is also hit from position 650 of EF-G, while the adjacent and platform, which together help to form the cleft of 1070 loop is hit from the nearby position 655 (Figures 4 the 30S subunit. According to these constraints, we and 5). Previous studies have suggested that the 1070 infer that EF-G must lie across the 50S face of the 30S and 1100 loops are brought together by protein L11, subunit, stretching from the S4 region of the body (in which binds to the intervening helices that separate the the lower left of Figure 6B ) to a position near the base two loops (Egebjerg et al., 1990; Figure 4) . We propose of the cleft (at the upper right). A consequence of this that the EF-G-specific thiostrepton region (1070/1100 docking arrangement is that the probing positions which loops) interacts with domain 5, which has no counterpart target 23S rRNA all face the 50S subunit, as does the in EF-Tu, and that the sarcin loop interacts with the GTP-binding site ( Figure 6B ). Figure 7 depicts the inferred position and orientation of EF-G in an electron G domain near its border with domain 5. Interestingly, mutations in EF-G that confer resistance to fusidic acid from domain 2 of EF-G cleave only the exposed nucleotides surrounding protein S4. The proximity of domain map to the interface between the G domain and domain 5 (Johansson and Hughes, 1994) . If stable binding of 2 of EF-G to protein S4, indicated by these data, is also consistent with a cross-link between EF-G and S4 EF-G to the ribosome depends on interaction with both the sarcin and thiostrepton loops, fusidic acid could (Maassen and Mö ller, 1981) . Genetic studies link S4 to translational fidelity (Rosset and Gorini, 1969) , a funcprevent release of EF-G·GDP by preventing relative movement of the G domain and domain 5 of EF-G.
tional parameter controlled by EF-Tu through a proposed interaction with the nearby 530 loop (Powers and On the opposite face of EF-G, two positions in domain 2 (residues 301 and 314) target overlapping sets of nu . Domain 2 of EF-Tu and EF-G are homologous in sequence and isosteric in structure (AEvarsson, cleotides of 16S rRNA in the region where protein S4 binds ( Figure 6A ). Interestingly, the nucleotides hit from 1995). Taken together, these observations suggest that the common domain 2 may couple analogous events of EF-G precisely interdigitate the nucleotides protected by S4 from hydroxyl radicals in solution (Figure 4 ; Powprotein synthesis occurring on the 30S subunit (decoding for EF-Tu, translocation for EF-G) to GTP hydrolysis, ers and Noller, 1995). Thus, hydroxyl radicals originating catalyzed by the G domain and triggered by the 50S These include the 790, 1230, and 1330 regions of 16S rRNA, which have been mapped to the head and platsubunit. Domain 4 of EF-G, which appears to mimic the anticoform around the cleft of the 30S subunit ( Figure 6 ; Brimacombe et al., 1988; Stern et al., 1988b; Oakes et al., 1989 ; don arm of tRNA in the ternary complex (Nissen et al., 1995) , is situated between the ribosomal subunits with Dö ring et al., 1994; Mueller and Brimacombe, 1997) , and the 1920 region of 23S rRNA, which has been placed its tip extended toward the base of the cleft of the 30S subunit ( Figure 6B ). Its ␣-helical surface (AEvarsson et near the 30S subunit decoding site by cross-linking and directed probing studies (Mitchell et al., 1992; Joseph al., 1994; Czworkowski et al., 1994) faces the 50S subunit, while its negatively charged ␤-sheet surface faces et al., 1997). The most convincing evidence for the proximity of the tip of domain 4 to the 30S decoding site are the 30S subunit. On the ␣-helical side, position 700 is oriented toward 23S rRNA, targeting conserved elecleavages from position 585 of EF-G to position 1400 of 16S rRNA, to which the wobble base of P-site tRNA ments in domain IV and two stems that emerge from the central loop of domain V. On the ␤-sheet side, posihas been directly cross-linked (Prince et al., 1982) . Thus, the structural mimicry of domain 4, inferred from the tion 541 is oriented toward 16S rRNA near a conserved bulge loop centered at position 1210. Two positions at crystallographic comparison, extends to its position in or near the tRNA-binding region of the ribosome. the tip of domain 4 (506 and 585) are located near a major point of convergence of the 30S and 50S subunits, This orientation of domain 4 is strongly supported by the rRNA cleavage patterns observed for Fe(II) tethered targeting several elements of both 16S and 23S rRNA.
Implications for the Mechanism of EF-GCatalyzed Translocation
The structural similarity between EF-G and the EF-Tu ternary complex (AEvarsson et al., 1994; Czworkowski et al., 1994; Nissen et al., 1995) has stimulated renewed interest in understanding the mechanism of translocation. At the center of this discussion is the role of the RNA-like domain 4 of EF-G and the underlying basis for its apparent molecular mimicry. One suggestion is that domain 4 of EF-G actively drives the anticodon arm of peptidyl-tRNA out of the 30S A site and into the P site (Nissen et al., 1995; Abel and Jurnak, 1996) . However, this mechanism does not account for the fact that translocation can occur spontaneously and in an EF-G-independent fashion (Pestka, 1969; Gavrilova et al., 1976) . Another possibility is that domain 4 may catalyze translocation by a more passive mechanism. It may serve as a kind of "door-stop" by occupying the 30S A site, , 1992) ; overcoming this barrier must be a signifhits from position 541 of EF-G overlap with those of icant feature of the mechanism of EF-G-catalyzed trans-A-site ASL probes. These results place the small subunit location. It has been proposed that EF-G triggers an P site toward the distal end of domain 4 and the A unlocking of the ribosome that is prerequisite to movesite toward the proximal end, in agreement with current ment of tRNA (Spirin, 1985) ; we suggest that domain 4 views on the relative positions of tRNAs in the ribosome of EF-G could play such a role by promoting a conforma- Wower et al., 1989; Agrawal et al., tional change in the ribosome that leads to the unlocked state. 1996; Stark et al., 1997a). that translocation might involve relative movement of the two ribosomal subunits (Bretscher, 1968; Spirin, 1985; Moazed and Noller, 1989) . The 1920 region of domain IV interacts with the decoding site of the small subunit, forming part of an intersubunit bridge (Mitchell et al., 1992; Agrawal et al., 1996; Stark et al., 1997a; C. Merryman and H. F. N., unpublished data) . Its close proximity to the tip of domain 4 of EF-G is strongly suggestive of a mechanism that involves modulation of intersubunit contacts. The position and orientation of EF-G inferred from our studies, in which its long axis is oriented approximately parallel to the subunit interface, allow it to make contact simultaneously with both subunits, consistent with such a possibility. In this orientation, the size and shape of EF-G (and by extension, the EF-Tu ternary complex) seem well matched to the intersubunit cavity observed in electron microscopic reconstruction studies (Agrawal et al., 1996; Stark et al., 1997a) .
We suggest the following general scenario: The GTPase activity of EF-G is triggered by contacts between its G domain and elements of 23S rRNA, which probably include the sarcin loop (Brigotti et al., 1989) , leading to a conformational change in EF-G. Based on the differences between the structures of the GTP and GDP forms of EF-Tu (Berchtold et al., 1993), we would expect rearrangement of the G domain near its interface with domains 3 and 5. This could result in movement of sible by movement of substructures within the ribosome. This would, in turn, be coupled to concerted Recent kinetic studies indicate that deletion of domain movement of tRNA and mRNA. As tRNA vacates the 4 of EF-G causes a 1000-fold reduction in the rate of 30S A site, its occupation by domain 4 of EF-G would translocation without affecting either ribosome binding prevent reversal of the translocation event during the or GTP hydrolysis (Rodnina et al., 1997) , suggesting that remaining lifetime of the unlocked state. Disruption of this feature of EF-G plays a critical role in the catalytic the contacts made by domain 4 in its intermediate state mechanism. Its effects could be mediated by interacwould reestablish the locked state, followed by release tions with nearby structural features, which could, in of EF-G. turn, influence the conformational state of the ribosome, Apart from the close proximity of domain 4 of EF-G to possibly in an allosteric manner.
its potential ribosome interaction sites, there is presently The tip of domain 4 is adjacent to three key functional no direct evidence to support its proposed interaction elements of the ribosome, each of which has a potential with these sites. Footprinting studies on EF-G-ribosome mechanistic relationship to translocation. (1) The 30S complexes, for example, have so far failed to turn up subunit decoding site. The small subunit must in some any EF-G-dependent protections in these regions of riway relax its grip on tRNA and mRNA to permit their bosomal RNA. On the other hand, the unlocked state movement, without sacrificing the translational reading might be considered as a sort of transition state of transframe. (2) The head of the 30S subunit. This is an inlocation and as such would be expected to be a shortdependent structural domain (Samaha et al., 1994) lived species. It might be possible to observe such a attached to the rest of the subunit by a single helical state by constructing stable complexes that emulate the element of 16S rRNA (Brimacombe et al., 1988; Stern transition state using chemical or genetic strategies. et al., 1988b; Mueller and Brimacombe, 1997) , a design Finally, the intriguing structural and functional analothat suggests independent movement. Neutron scattergies between EF-G and EF-Tu suggest that their undering studies have provided evidence for movement of lying mechanisms may share fundamental similarities. the head during translocation (Serdyuk et al., 1992) . (3) Selection of tRNA, catalyzed by EF-Tu, has been proposed to involve a similar transient unlocked state of Domain IV of 23S rRNA. It has often been suggested SDS polyacylamide gel containing the fluorescent EF-G proteins the ribosome (Spirin, 1985) . In this case, the unlocked resolved from unreacted fluorophor. state could be induced by interactions between the antiThe Fe(II)-conjugated EF-G proteins were bound to ribosome codon arm of the tRNA in the EF-Tu ternary complex complexes (described above), and the Fenton reaction was initiated and features of the ribosome, perhaps the same ones (Heilek et al., 1995) to generate hydroxyl radicals in the vicinity of mentioned above. Such a mechanism would explain the the tethered Fe(II). Primer extension analysis was used to locate precisely the sites of hydroxyl radical cleavage as described ( After completion of this work, electron microscopic dimethyl sulfate, as described (Moazed et al., 1988) . GTPase activity reconstruction studies were reported which show the mimicry of EF-G.
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